Introduction

A B S T R A C T
Friction stir processing (FSP) is an emerging novel, green and energy efficient processing technique to fabricate surface composites which is based on the basic principles of friction stir welding. The distinct advantages of friction stir processing are microstructural refinement, densification, homogeneity, accurate control and variable depth of the processed zone. Metal matrix composites, particularly Aluminium based metal matrix composites, reinforced with ceramics were developed as an alternative to materials with superior strength to weight ratio and strength to cost ratio, high stiffness, and thermal stability, which effect on improving wear, creep and fatigue resistance. However, these composites also suffer from low ductility and toughness due to the incorporation of ceramic reinforcements. For many applications, a combination of high surface wear resistance and high toughness of the interior bulk material required. In those situations, it is desirable that only the surface layer of components is reinforced with ceramic particles while the bulk retains the original composition and structure with higher toughness. In this paper, the details about the fabrication of Al 7075-T651 B4C surface composite by FSP to have improved surface hardness are provided. A tool made of high carbon high chromium steel and hardened to 62 HRC, having cylindrical profile was used for FSP. By using SYSTAT software regression model has been developed for predicting microhardness of processed surface composite. The fabricated surface composites were examined using optical microscope and found defect free friction stir processed zone. It was also observed that Boron Carbide particles were uniformly distributed and well bonded with the matrix alloy fabricated at high heat input condition. It was found that the average hardness of friction stir processed surface composite was 1.5 times higher than that of the base metal aluminium 7075 -T651. The increase in hardness was attributed to fine dispersion of B4C particles and fine grain size of the aluminium matrix.
Friction Stir Processing [1] is a new, solid state processing technique for microstructural modifications, which was developed based on the principle of friction-stir welding (FSW). A non-consumable rotating tool with a pin and shoulder is inserted into the material and travelled along the desired path. Because of this the frictional heat is generated and the material undergoes severe plastic deformation, resulting in significant microstructural modification in the processed zone. FSP creates a region called the Nugget or Stir zone, where the refinement of microstructure takes place producing equiaxed fine grains with high grain boundaries. Figure 1 shows the step by step procedure of Friction Stir Processing. Composites [2] represent a combination of at least two chemically distinct materials with a distinct interface separating the constituents. Their high strength to weight ratio, enhanced resistance to environmental hazards, lower density, high fatigue resistance, wear resistance and related properties have widened the range of application leading to a large scale substitution of conventional engineering materials for aerospace and consumer goods. Among various metal matrix composites aluminium matrix composites are used widely for different applications. aluminium is a natural candidate for this type of application because of its low density. However, compared to titanium alloys, the strength of conventional commercial aluminium alloys is too low for aluminium to be a better solution. Owing to the many difficulties encountered in the production and use of titanium alloys, the drive to develop stronger aluminium alloys is very high.
Soleymani et al [3] investigated a self-lubricating and wear resistant surface hybrid Al-base composite reinforced with a mixture of SiC and MoS2 particles successfully fabricated by FSP. Microstructure, hardness and dry sliding wear behavior of the hybrid composite were compared with those of base metal and Al/SiC and Al/MoS2 composites. Microstructural analysis [4] of the hybrid composite showed a uniform distribution of reinforcing particles inside the processed zone and a good bonding between surface processed layer and base material. The Tribological studies showed that surface hybrid composite had the highest wear resistance in comparison to base metal.
Ma et al [5] investigated the effect of overlapping passes on the microstructure and superplastic behavior of FSP. Overlapping passes exerted no obvious effect on the size of recrystallized grains. Both single and two-pass FSP'ed 7075Al exhibited similar grain sizes of 5.4-5.7µm. Compared to singlepass, two-pass FSP resulted in an enhancement in superplastic elongation and a change in superplastic response. A shift to higher optimum temperature was observed in the two-pass FSP'ed 7075Al. Furthermore, overlapping passes led to a shift to higher optimum strain rate in the center region.
In this paper, Al / B4C surface composite layers were achieved on commercial 7075 -T651 aluminium by employing FSP. Agglomeration of B4C particles was occurred after a single pass. The dispersion of B4C particles was found to be affected by the number of FSP passes. Moreover, the increasing in number of FSP passes cause a decreasing in matrix grain size of the surface composite layer.
Experimental procedure
Material Selection
The selection of material is the most important factor in consideration for the fabrication of composites. The factors considered in the selection of the material are the availability, suitability of the material for the service conditions and the maintenance of them. Aluminium Alloy 7075-T651 was used as the base material. The chemical composition of AA7075-T651 is given in Table 1 . 
Selection of Reinforcements
Selecting reinforcement remains one of the most critical factors in realizing the best properties from the resultant surface composites. Boron carbide particles having average size of 5 µm were chosen as reinforcement because of higher hardness (Closer to diamond) than the conventional reinformentsSiC, Al2O3 etc. Table 3 shows the properties of boron carbide.
Specimen Preparation
Aluminium Alloy 7075-T651 plates of size 50 mm x 100 mm x 6.35 mm were used as base material.A groove of 0.5 mm width and 2.5 mm depth and 100 mm length was made on the plate at its center and filled with boron carbide powder. 
FSP Tool Design
The tool design is the most important part of the FSP. The tool made of high carbon high chromium steel, oil hardened to 62 HRC, having cylindrical profile surface was used for friction stir processing. The tool has three primary functions. First, it transfers the applied load to the work piece. Second, the tool generates frictional heat which softens the material covered by the tool shoulder. The heat is generated by friction between the tool and the work piece, and by plastic deformation of the work piece material. Third, the tool stirs and mixes the material around it. In this study, tool with cylindrical pin is used as shown in the figure
E. Fabrication of surface composite by FSP
The volume fraction of the total B4C was four. The process of FSP begins with the work piece being firmly clamped to a worktable. A pinless tool was initially employed to cover the top of the groove after filling the particles to prevent it from scattering during FSP. The FSP tool was used to produce the surface composite.
F. Response Surface Methodology
Response Surface Methodology (RSM) was used for developing regression model to predict hardness of friction stir processed surface composite. The FSP process variables are identified as rotational speed (N), traverse speed (V) and number of passes (P). An axial force of 8 KN is kept constant for all the runs. 1  575  60  2  64  2  575  40  2  37  3  425  60  2  41  4  425  40  2  56  5  575  50  3  53  6  575  50  1  63  7  425  50  3  45  8  425  50  1  52  9  500  60  3  60  10  500  60  1  50  11  500  40  3  38  12  500  40  1  35  13  500  50  2  57  14  500  50  2  50  15  500  50  2  34 The experiment was designed based on a three factor 3-level factorial technique. In RSM, the natural variables are transformed into dimensionless coded variables. The decided levels of the selected process parameters are given in Table 2 and developed design matrix is shown in Table 3 .
FSP was carried out as per the design matrix at random. Figure 3 shows the Friction Stir Processed plates. Specimens were prepared from the Friction Stir Processed plates. General metallurgical procedure was followed to prepare specimens for metallographic studies. The samples for the microstructural characterization were cut perpendicularly to the processed line at the centre of the plate. All observations of the nugget zone in the study referred to the central position of the processed nugget. For the optical observation, these samples were mechanically polished and then etched.
Development of regression model
By using SYSTAT software regression model was developed. The developed mathematical equation is given below. BHN = 349.208 -0.662 * RS -6.387 * TS + 0.014 (TS * PS).
Results and discussion
By using the mathematical equation the direct effects of Traverse speed and Rotational speed on Brinell hardness of composite are calculated and presented in Figures 5 and 6 . It is found that the average hardness of friction stir processed surface composite was 1.5 higher than that of the base metal aluminium 7075 -T651. The increase in hardness was attributed to fine dispersion of B4C particles and fine grain size of the aluminium matrix.From the Figure 5 it has been observed that when the traverse speed increases hardness increases which is due to the deceasing heat input. From the Figure 6 it has been observed that when the rotational speed increases, the hardness increases which may be due to more plastic deformation. Where, Q is the heat generated (KJ/mm), τcis the contact stress (Mpa), τc= μ x P, μ is the Coefficient of friction ~ 0.3, P=F/A, F is the axial force (kN), A is the tool shoulder area (m 2 ), ω is the angular tool rotational speed (rad/s), ω=(2π x N) / 60, N is the tool rotational speed, R is the tool shoulder radius (m), r is the tool pin radius (m), h is the tool pin height (m), δ is the material velocity / tool velocity, δ = 0, ɳ is the heat transfer efficiency ~ 0.8, S is the tool traverse speed (m/s). Heat input corresponding to all trial runs were calculated using the above equation.
The microstructure of the base material is shown in Fig  7. Figures 8 to 13 show the optical micrographs of the stir zone of single pass, two passes and three passes processed at high heat and low heat input conditions. While compared to the base material the grain size in the stirred nugget zone is reduced. The deformed material in the stir zone experiences sufficiently high temperatures leading to dynamic recrystallization [6, 7] . Dynamic recrystallization occurs by nucleation of extremely fine new grains in the nanometric range at the boundaries of the severely deformed grains in the nugget region. These grains subsequently grow in size and eventually show up as micrometric grains in friction stir nugget microstructures [8] . Earlier investigations on the use of FSP in a variety of aluminium alloys showed that active cooling arrangements during FSP could restrict grain growth, leading to ultra-fine grain sizes. [9] It is generally believed that achieving ultra-fine grain sizes using FSP is easier in materials that contain large number of second phase particles compared to single phase materials. Second phase particles can restrict grain growth, because of their pinning effect, and can play major role in grain size evolution in friction stir processed samples. Heat dissipation into the surrounding base material can result in considerably wide HAZ, where undesirable microstructural changes such as grain coarsening can occur. From the microstructures it has been found that composite processed using three passes have fine grain size than that of single pass and two passes. It has been observed that composite processed using three passes has the very fine grain dispersion. 
Conclusion
The results show that the surface composite fabricated with the rotational speed of 500 rpm, traverse speed of 60 mm/min using three passes produced a good processed surface composite. In addition, for a given traverse speed, the grain size in the nugget zone is reduced with increasing the rotational speed.
